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Abstract
We examine soft-pion emission in deeply virtual Compton scattering. Con-
trary to previous claims, we find that the amplitude for soft-pion emission is
not directly related to the generalized parton distributions in the nucleon.
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I. INTRODUCTION
Deep inelastic scattering (DIS) from the nucleon, eN → e′X , has played a central role
in the development of our understanding of QCD. Application of the optical theorem to the
inclusive cross-section for DIS relates it to the forward matrix element of the time-ordered
product of two electromagnetic currents. As QCD is asymptotically free at short-distances,
an operator product expansion of the time-ordered product can be performed which allows
the total inclusive cross section to be related to the forward matrix elements in the nucleon
of twist-2 operators involving the quark and gluon fields. One particularly nice implication
of this is that these forward matrix elements correspond to the moments of the parton
distribution functions (PDF’s) in the nucleon, where the PDF’s are probability distributions.
Recently, it has been realized that the off-forward matrix elements of these twist-2 operators
are also of interest [1–8]. Of particular note is the relation between the off-forward matrix
elements of the quark and gluon energy-momentum tensors and the fraction of the total
angular momentum of the nucleon carried by the quarks and gluons [1,2]. Away from the
forward direction the idea of a generalized parton distribution (GPD) has been introduced to
provide a somewhat unified description of the scattering processes [1–8]. While the forward
limit of the GPD’s reproduce the PDF’s, weighted integration of the GPD’s over Bjorken
x reproduce the form-factors of the twist-2 operators in the nucleon (for a nice review see
Filippone and Ji [9]). Gravitational scattering is not a feasible option for the measurement
of the matrix element of the energy-momentum tensor, however, deeply virtual Compton
scattering (DVCS) [2,10–12] provides an experimentally realized alternate process with which
to explore the matrix elements of the twist-2 operators over a wide range of kinematics.
A significant experimental effort has been mounted to measure the GPD’s through
DVCS [13–16]. In general, each GPD has three kinematic arguments, x, ξ and t, e.g.
Hq(x, ξ, t). Elastic DVCS with high energy electrons is determined by a convolution in the
variable x of the GPD’s with 1/(±x−ξ+ iǫ), and therefore one cannot determine the GPD’s
directly from such measurements. However, at lower energies and with polarized beams one
can determine the imaginary part of this convolution which gives the GPD’s evaluated at
x = ξ, e.g. Ref. [15]. Soft-pion emission during DVCS γ∗p→ γpπ may provide a background
to the elastic process γ∗p→ γp due to limited detector resolution in some experiments. The
matrix elements and cross section for soft-pion emission during DVCS (DVCS-pion produc-
tion) have been computed by Guichon, Mosse and Vanderhaeghen [17] using current algebra.
They find that there are no further unknown strong interaction contributions beyond the
GPD’s of the nucleon. In this paper we compute the amplitude for soft-pion emission during
DVCS (DVCS-pion production) using chiral perturbation theory. We find that at leading
order in the chiral expansion, the amplitude for DVCS-pion production is controlled by the
PDF’s and by additional strong interaction parameters that are not related to the elastic
GPD’s. This result disagrees with the result of Ref. [17].
II. TWIST-2 MATRIX ELEMENTS AND CHIRAL PERTURBATION THEORY
The leading order chiral Lagrangian describing the low-energy dynamics of the nucleons,
∆’s and pions (pseudo-Goldstone bosons) that is consistent with the spontaneously broken
SU(2)L ⊗ SU(2)R approximate chiral symmetry of QCD is [18,19]
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L = N iv · D N − T µ iv · D T µ + ∆ T µ T µ
+
f 2
8
Tr
[
∂µΣ
† ∂µΣ
]
+ λ
f 2
4
Tr
[
mqΣ
† + h.c.
]
+ 2gA NS
µAµN + g∆N
[
T
abc,ν
Ada,ν Nb ǫcd + h.c.
]
+ 2g∆∆ T νS
µAµT
ν , (1)
where D is the chiral covariant derivative, N is the nucleon field operator, and T µ is the
Rarita-Schwinger field containing the quartet of spin-3
2
∆-resonances. The mass difference
between the ∆-resonances and the nucleon is ∆, and the axial couplings between the baryons
and pions are gA, g∆N and g∆∆. Sµ is the covariant spin vector defined in heavy-baryon
χPT [18,19], and vµ is the heavy-baryon four-vector, with v
2 = 1. The pions appear through
Σ and Aµ which are defined to be
Σ = exp
(
2iM
f
)
= ξ2 , Aµ =
i
2
(
ξ∂µξ† − ξ†∂µξ
)
, M =
(
π0/
√
2 π+
π− −π0/√2
)
. (2)
We have not shown flavor indices in eq. (1) for terms where the contractions are unambigu-
ous. Under chiral transformations the various fields transform as
Σ→ LΣR† , N → UN , T µ → UUUT µ , Aµ → UAµU † , (3)
where L and R denote left- and right-handed chiral transformations respectively. The ξ
field (not to be confused with the kinematic variable ξ that appears as an argument of the
GPD’s) transforms as LξU † = UξR†, which defines the transformation U . The mass-matrix,
which is treated as a spurion field, is taken to transform as mq → LmqR†.
The twist-2 operators involving the quark fields that provide the dominant contribution
to DIS and DVCS are
θ
(n),0
V, µ1..µn
= (i)n−1 q γ{µ1
↔
Dµ2 ...
↔
Dµn} q
θ
(n),b
V, µ1..µn
= (i)n−1 q γ{µ1
↔
Dµ2 ...
↔
Dµn} τ
b q
θ
(n),0
A, µ1..µn
= (i)n−1 q γ{µ1
↔
Dµ2 ...
↔
Dµn} γ5 q
θ
(n),b
A, µ1..µn
= (i)n−1 q γ{µ1
↔
Dµ2 ...
↔
Dµn} γ5 τ
b q , (4)
where the indices enclosed by {...} are symmetrized and their traces are removed. The
operator
↔
Dµ is
↔
Dµ=
−→
Dµ−←−Dµ, where Dµ = ∂µ+ igAµ is the QCD covariant derivative, and
g is the strong coupling constant. Hadronic matrix elements of the operators in eq. (4) in the
kinematic regimes appropriate for DIS and slightly off-forward DVCS can be described in
chiral perturbation theory (χPT) [20–25] as the momentum transfer to the hadronic system
is small compared to the scale of chiral symmetry breaking, Λχ ∼ 1 GeV.
Matrix elements of the isoscalar operators θ
(n),0
V, µ1..µn
and θ
(n),0
A, µ1..µn
in the nucleon are
reproduced at leading order in the chiral expansion by the operators [20,21]
θ
(n),0
V, µ1..µn
→Mn−1 〈xn−1〉
q
(0)
V
vµ1vµ2 ... vµn NN
θ
(n),0
A, µ1..µn
→Mn−1 〈xn−1〉
q
(0)
A
v{µ1vµ2 ... vµn−1 N Sµn} N , (5)
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where 〈xp〉
q
(0)
V
and 〈xp〉
q
(0)
A
are the p’th moments of the isoscalar vector and axial-vector
PDF’s in the nucleon, respectively. M is the nucleon mass.
To construct matrix elements of the isovector operators one introduces the spurion fields
τaL and τ
a
R which transform as
τaL → LτaLL† , τaR → RτaRR† , (6)
under SU(2)L ⊗ SU(2)R and whose vevs are 〈τaL〉 = 〈τaR〉 = τa. It is then convenient to
define
τ bξ,± =
1
2
(
ξ†τ bLξ ± ξτ bRξ†
)
, (7)
that transforms as τ bξ,± → Uτ bξ,±U † under SU(2)L ⊗ SU(2)R, and as τ bξ,± → ±τ bξ,± under
parity. At leading order in the chiral expansion the matrix elements of the isovector operators
θ
(n),b
V, µ1..µn
and θ
(n),b
A, µ1..µn
in the nucleon and between the nucleon and ∆ (required for our
calculation of soft-pion emission) are reproduced by
θ
(n),b
V, µ1..µn
→Mn−1 〈xn−1〉
q
(1)
V
vµ1vµ2 ... vµn N τ
b
ξ,+ N
+ Mn−1 a(n) v{µ1vµ2 ... vµn−1 N Sµn} τ
b
ξ,− N
θ
(n),b
A, µ1..µn
→Mn−1 〈xn−1〉
q
(1)
A
v{µ1vµ2 ... vµn−1 N Sµn} τ
b
ξ,+ N
+ Mn−1 b(n) vµ1vµ2 ... vµn N τ
b
ξ,− N
+ Mn−1 c(n) v{µ1vµ2 ... vµn−1
[
T
ijk
µn}
(
τ bξ,+
)l
i
Nj ǫkl + h.c.
]
, (8)
where 〈xp〉
q
(1)
V
and 〈xp〉
q
(1)
A
are the p’th moments of the isovector vector and axial-vector
PDF’s in the nucleon, respectively. The coefficients a(n), b(n), and c(n) cannot be related to
the PDF’s in the nucleon (and hence the GPD’s) by chiral symmetry. This disagrees with
the conclusion of Guichon, Mosse and Vanderhaeghen [17] who claim that chiral symmetry
alone is sufficient to relate a(n) and b(n) to 〈xn−1〉
q
(1)
V
and 〈xn−1〉
q
(1)
A
in the kinematic regime
m2pi ≪ −t≪ Λ2χ.
At higher orders in the chiral expansion there will be contributions from local operators
that depend upon v · q/Λχ (the energy transfer to the hadrons in their rest frame) and
q2/Λ2χ (where q
2 = t). These operators, along with pion loop contributions, will contribute
to the off forward-matrix elements and will provide the low-energy behavior of the GPD’s.
Further, there will be additional operators whose matrix elements between single nucleon
states vanish, but can contribute to DVCS-pion production.
We have not shown the matrix elements of the twist-2 operators in the pion sector [20].
For an operator with n indices, the matrix element between single pion states is suppressed
by factors of pnpi, where ppi is the pion four-momentum. For n ≥ 2 the contribution to
DVCS-pion production from insertions of the twist-2 operators into the pion is a higher
order contribution.
III. DVCS-PION PRODUCTION OFF THE NUCLEON
It is straightforward to compute the leading order contribution to γ∗N → γNπ in χPT.
Leading order corresponds to P0 in the power-counting, where P ∼ k, q,∆, mpi are the small
4
expansion parameters, where k is the pion four-momentum and q is the four-momentum
injected by the twist-2 operator. We compute just one of the possible processes, γ∗p →
γnπ+, in this work and the matrix elements for other possible initial and final states can be
constructed analogously. At leading order in the chiral expansion, the matrix elements for
N
pi
∆
pi pi
pi pi
∆
N N N N N N N
N N N N
FIG. 1. The tree-level diagrams that give the leading order contributions to DVCS-pion produc-
tion for n ≥ 2. The crossed-circle denotes an insertion of a twist-2 operator.
n ≥ 2 result from the diagrams shown in Fig. 1, and are found to be
〈nπ+|θ(n),0V, µ1..µn|p〉 = 0
〈nπ+|θ(n),3V, µ1..µn|p〉 = −i
4gA
f
Mn−1 〈xn−1〉
q
(1)
V
vµ1vµ2 ... vµn
v · q Un S · k Up
−iMn−1 2a
(n)
f
v{µ1vµ2 ... vµn−1 Un Sµn} Up
〈nπ+|θ(n),0A, µ1..µn|p〉 = i
2gA
f
Mn−1 〈xn−1〉
q
(0)
A
v{µ1vµ2 ... vµn−1
v · q i ǫ
µn}αλσ kα vλ Un Sσ Up
〈nπ+|θ(n),3A, µ1..µn|p〉 = −i
gA
f
Mn−1 〈xn−1〉
q
(1)
A
v{µ1vµ2 ... vµn−1
v · q
(
v · q vµn} − kµn}
)
Un Up
−iMn−1 2b
(n)
f
vµ1vµ2 ... vµn Un Up
+iMn−1
8
9
g∆Nc
(n)
f
v{µ1vµ2 ... vµn−1
(v · q)2 −∆2 Un
[
v · q
(
v · q vµn} − kµn}
)
+ i ∆ εµn}ασλ k
α vσ Sλ
]
Up , (9)
where we have used v · q = v · k in the heavy baryon limit, and where it is clear that all
contributions to these matrix elements are O(P0) in the power-counting. Up and Un are the
spinors associated with the proton and neutron respectively. The matrix elements will be
modified near the peak of the ∆-pole, where the ∆-width will need to be resummed into
the propagator. It is important to note that the matrix elements in eq. (9) are the leading
order contribution for all kinematics such that (v · q)2, |t|, m2pi ≪ Λ2χ for any value of the
ratio t/m2pi. We do not go on to compute the differential and total cross sections, as this can
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be done straightforwardly and does not add anything to our discussion. The point is that
there are additional contributions to the DVCS-pion production cross section that are not
related to the nucleon PDF’s (GPD’s), as encapsulated by the constants a(n) and b(n). A
similar feature is probably true for any generic DVCS inelastic process, where the PDF’s or
GPD’s of the nucleon can only describe part of the contribution.
IV. CURRENT CONSERVATION AND RELATIONS BETWEEN
COEFFICIENTS
Only the chiral transformation properties of the twist-2 operators were used in the con-
struction of the most general set of leading order operators in eq. (5) and eq. (8). As such,
we did not include the fact that the n = 1 vector operators are conserved and the n = 1 axial
operators are partially conserved. These conservation laws lead to additional constraints on
the coefficients a(1) and b(1). We have only presented the matrix elements for γ∗p → γnπ+
N N
pi
FIG. 2. The additional tree-level diagram that contributes at leading order to the n = 1 matrix
element for DVCS-pion production of the isovector-vector twist-2 operator (the isovector-vector
current operator). The crossed-circle denotes an insertion of the n = 1 twist-2 operator.
for n ≥ 2 in eq. (9) as the n = 1 matrix elements are trivial. However, it is useful to explore
the impact of current conservation on the n = 1 vector-isovector matrix element, which
receives an additional contribution at leading order from the diagram in Fig. 2, and is found
to be
〈nπ+| θ(1),3V, µ |p〉 = −i
4gA
f
vµ
v · q Un S · k Up − i
2a(1)
f
Un Sµ Up
−i4gA
f
Un
S · (k − q) (2k − q)µ
(k − q)2 −m2pi
Up . (10)
Conservation of the vector current qγµτ
aq requires that qµ〈nπ+| θ(1),3V, µ |p〉 = 0, and hence
qµ〈nπ+| θ(1),3V, µ |p〉 = −i
2
f
[
a(1) + 2gA
]
Un S · q Up = 0 , (11)
from which we conclude that a(1) = −2gA. This agrees with the known result derived
directly from the vector current operator in heavy-baryon χPT [18,19] and is the relation
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that was found in Ref. [17]. In addition, Ref. [17] makes the more general statement that
a(n) = −2〈xn−1〉
q
(1)
A
, which reproduces the n = 1 result as 〈1〉
q
(1)
A
= gA.
Lets consider the implication of having a(n) = −2〈xn−1〉
q
(1)
A
, as claimed in Ref. [17].
Specifically, consider the n = 2 isovector operator θ
(2),b
V, µν , which is not conserved due to
interactions with the gluon field, and it is straightforward to show that in the chiral limit
∂µ θ
(2),3
V, µν = −4 g q γα Gαν τ 3 q , (12)
where Gαβ is the gluon field strength tensor, defined by [Dα, Dβ] = igGαβ, and we have used
the equation of motion D/ q = 0. In the effective theory, one finds that
−iqµ〈nπ+| θ(2),3V, µν |p〉 = −
4gA
f
M 〈x〉
q
(1)
V
vν Un S · k Up
− M a
(2)
f
Un (v · qSν + vνS · q)Up . (13)
Given that one cannot presently compute the matrix element of ∂µ θ
(2),3
V, µν , and chiral sym-
metry alone does not relate a(n) to single nucleon matrix elements, we conclude that the
assertion of Ref. [17] is false.
There are a few assertions in Ref. [17] that have contributed in some part to their error.
First, the non-local operator that arises at the scale of the scattering, Q2, was used in all
operator manipulations. The difficulties in dealing with non-local operators are well-known,
and efforts to systematize non-local effective field theory have shown it to be significantly
more complex [26] than local effective field theories. A straightforward problem with this
can be seen in the fact that θ
(1),3
V, ν and θ
(10),3
V, µ1..µ10
originate from the same non-local operator,
but their scale dependence due to strong-interactions are quite different. Second, after re-
deriving pole-ology (something that has been well understood for decades) a central feature of
their soft-pion analysis requires them to work at non-zero quark mass, and they are unable to
derive their result working exclusively in the chiral limit. Hand waving arguments, including
the unjustifiable neglect of
[
d
dt
Q5, θ
(n)
V,A
]
, are required in order for them to consider the chiral
limit. We believe that these two aspects of the calculation of Ref. [17] are flawed. During
the thirty or more years since the techniques used in Ref. [17] were introduced, significant
progress has been made in understanding how to deal with the approximate chiral symmetry
of QCD. We have used these well-known modern tools in our analysis.
V. CONCLUSIONS
We have explored soft-pion production associated with DVCS. Using the transformation
properties of the twist-2 operators under the SU(2)⊗SU(2) chiral symmetry we have shown
that there are contributions to DVCS-pion production that are not related to the GPD’s of
the nucleon, even at leading order in the chiral expansion. This contradicts recent claim in
Ref. [17]. Further, the contribution from nucleon structure depends upon the PDF’s and
one does not need to consider the GPD’s at leading order. Therefore, we conclude that
DVCS-pion production does not depend only on the GPD’s of the nucleon, and gives rise to
a presently incalculable background to extracting GPD’s from DVCS in some experiments.
7
However, naive dimensional analysis can be used to make a rough estimate of the unknown
coefficients, and hence a rough estimate of the size of the background. It may be the
case that a combined study of one-pion and two-pion emission during DVCS will allow for a
determination of the constants a(n), b(n) and c(n). However, there are additional contributions
to this process coming from operators that contribute to γ∗N → γ∆π but not to γ∗N → γ∆.
A significantly more comprehensive investigation is required in order to ascertain if it is
possible to disentangle all contributions at leading order in the chiral expansion.
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